allowed us to estimate the kinetic parameters of Ca¥ binding to PV in vivo. Finally, a numerical simulation using the in vivo parameters reproduced the double exponential [Ca¥] decay when the Ca¥ extrusion rate was high enough to prevent the reaction between PV and Ca¥ from reaching chemical equilibrium.
METHODS

Chromaffin cell culture
Chromaffin cells from bovine adrenal glands were prepared and cultured as described previously (Smith, 1999) . Briefly, adult bovine adrenal glands were acquired fresh from local slaughterhouses. After dissecting glands free of fat tissue, they were perfused with Locke's Ringer solution and incubated at 37°C in a shaking water bath for 5 min. Glands were then perfused twice with Dulbecco's minimal essential medium (DMEM, Life Technologies, Karlsruhe, Germany) containing collagenase (type I; 1·0 mg ml¢; Worthington, Lakewood, NJ, USA) and GMS-X (Life Technologies). Each perfusion was followed by a 15 min incubation at 37°C in a shaking water bath. After manual separation of medulla from cortex, the medulla was dissociated with a scalpel and a bluntended Pasteur pipette. The dissociated cells were harvested using a Percoll (Pharmacia, Uppsala, Sweden) gradient, resuspended in DMEM growth medium, and cultured at 37°C in 10% COµ. Experiments were carried out 1-2 days after cell preparation.
Solutions
The standard internal dialysis solution for chromaffin cells contained (mÒ): 140 caesium glutamate, 20 Cs-Hepes, 7 CsCl, 5 NaCl, 3 MgATP, 5 NaµATP. The external solution contained (mÒ): 130 NaCl, 2·8 KCl, 10 Na-Hepes, 2 MgClµ, 1·4 CaClµ, 10 TEA-Cl, 2 mg ml¢ glucose; and 1 ìÒ tetrodotoxin (TTX, Alamone Labs, Jerusalem, Israel). The pH of both the internal and external solutions was adjusted to 7·2 and 7·3, respectively, with the bases of the main cation in a given solution. The final osmolarity of external solutions was 315 ± 5 mosmol l¢. All experiments were performed at room temperature (22-25°C).
Conjugation of FITC to PV
Purified rat recombinant PV (kind gift of T. Pauls, Fribourg, Switzerland) or BSA (Sigma, UK) were dissolved in 150 mÒ NaCl-200 mÒ NaHCO× (pH 8·8) at a protein concentration of 2 mg ml¢. This pH was selected in order to preferentially label the á_amino groups of the proteins. Fluorescein-5-isothiocyanate (FITC, 10% adsorbed on Cellite; Molecular Probes, Eugene, OR, USA) dissolved in ethanol (10 mg ml¢) was added to the protein solutions (5 ìl per tube) and incubated in the dark for 30 min at room temperature. A saturated solution of glycine (50 ìl, in the same buffer as above) was added to react with excess FITC in the reaction tube for 15 min. FITC-labelled proteins (termed FITC-BSA and FITC-PV) were purified on PD-10 desalting columns (Pharmacia, Uppsala). The absorbances at 280 and 495 nm were determined and the molecular FITCÏprotein ratio calculated. FITC-BSA contained 1·5 mol FITC (mol protein)¢ and two separate batches of FITC-PV contained 0·05 and 0·14 mol FITC (mol protein)¢. The low labelling efficiency of PV was due to a blocked amino-terminus in a large proportion of recombinant PV molecules.
Spectral properties of fura_2 and FITC-PV
We studied the excitation spectra of fura_2 and FITC-BSA, in order to establish that the two types of fluorescence could be separated. Each dye was dissolved in standard internal solution for chromaffin cells to obtain final concentrations of 50 ìÒ for fura_2 and 8 ìÒ for FITC-BSA. Their excitation spectra were checked in vitro with a 1·0 ND filter in the optical pathway. We found that the fura_2 fluorescence at an excitation wavelength of 488 nm (Ffura2, 488) was negligible, whereas at 350 nmÏ380 nm (F350Ï380) it was slightly contaminated by FITC. FITC fluorescence at 350 nm (FFITC, 350) was 2·6% of that at 488 nm (FFITC, 488) , and FFITC,380 was 5·0% of FFITC, 488. Thus, in the presence of both dyes in the cell, F350 − 0·026F488 and F380 − 0·05F488 were regarded as Ffura2, 350 and Ffura2, 380,  respectively, for conversion of F350 and F380 to [Ca¥] .
Imaging of [Ca¥] transients in chromaffin cells
The same optical system and imaging software as used in the preceding paper (Lee et al. 2000) was employed, except for two optical filters. A dichroic mirror (DC500LP, Omega Optical, Brattleboro, VT, USA) was used for simultaneous fluorescence measurement of fura_2 and FITC. A long pass emission filter (Q515LP, Omega Optical) was used for separating emission light and residual scattered excitation light. Calibration parameters were determined using an in vivo calibration (Neher, 1989) . Briefly, the fura-2 fluorescence ratios at minimal and maximal Ca¥ concentrations, Rmin and Rmax, were determined by loading chromaffin cells with the standard internal solutions plus 10 mÒ KÛ-BAPTA and 10 mÒ CaClµ, respectively. The effective dissociation constant (Keff) (Zhou & Neher, 1993) . The estimated values (ìÒ) for Rmin, Rmax and Keff were typically 0·36, 5·0 and 1·47, respectively. For high time resolution and minimization of the photobleaching effect we adopted the following protocol. Images taken with single wavelength excitation at 380 nm (F380), at a frequency of 10-20 Hz, were preceded and followed by images taken with dual excitation at wavelengths of 350 and 380 nm at 2-3 Hz. In addition, a 0·3-0·6 ND filter was placed in the excitation light pathway. During off-line analysis, a region of interest (ROI) was set on the chromaffin cell for determining fura_2 fluorescence (F) . Adjacent to the ROI, another ROI was set in an area with no cellular structures for background fluorescence (Fb) . The fluorescence intensities from the two ROIs were averaged to get F and Fb. The value of F − Fb was regarded as the relevant fura_2 fluorescence of the ROI. Subsequently, isosbestic fluorescence (Fiso) was calculated from images of the double wavelength excitation period using the equation: Fiso = F350 + áF380, and the values thus obtained were linearly interpolated between points just before and after the period of single wavelength excitation. The ratios R = F350ÏF380 and R' = FisoÏF380 were converted to [Ca¥] using the equations:
[Ca¥] = Keff(R − Rmin)Ï(Rmax − R) and
[Ca¥] = Keff(R' − (Rmin + á))Ï((Rmax + á) − R' ), respectively.
Estimation of calcium binding ratios in chromaffin cells
Within 20 s of establishing a whole cell configuration, we started to apply single pulses or trains of depolarizing pulses (to +10 mV, for 20 ms) every 20-60 s in order to evoke [Ca¥] transients while taking F380 images at 10-20 Hz. These images were preceded and followed by double wavelength image pairs at 2-3 Hz such that Ca¥ concentration could be calculated as described in the previous section. During off-line analysis, Fiso was calculated and the time course of Fiso was regarded as the loading curve of fura_2. The concentration of fura_2 in the cell was estimated assuming that the Fiso at the plateau of the loading curve represents full loading of fura_2.
Theory of the single compartment and linear approximation model
The calcium binding ratio êX of buffer X is defined as:
where [X] T is the total concentration of calcium buffer X and Kd,X is its dissociation constant (Neher & Augustine, 1992) . Practically, êX was replaced by the incremental calcium binding ratio (êX'), since êX is not completely linear within the dynamic range of [Ca¥]é in our study. êX', the incremental Ca¥ binding ratio of a buffer X, is defined by (Neher & Augustine, 1992) : (Neher & Augustine, 1992; Helmchen et al. 1996; Neher, 1998) Assuming that the perturbation of Ca¥ is so small that the system could be linearized around the equilibrium point (assumption 3), and Ca¥ buffers other than PV satisfy the condition of the linear approximation (assumption 4), the system of differential equations describing the simplified model is:
Here, it is assumed that Ca¥ can bind to a number of additional fast buffers, which satisfy the linear approximation model and that Óê is the sum of all Ca¥ binding ratios of such buffers. The system of linearized differential equations has the following eigenvalues ëfast and ëslow: ëfast = • ãÏ(1 + Óê) + âÏ(1 + Óê) + á, 
which is (assumption 2), does not hold, the ' =
• ' in eqn (9) has to be replaced by '<'. According to the above eigenvalues, the [Ca¥] fura_2 and FITC-PV are co-perfused through a patch pipette, the loading time of each dye was measured. After whole cell configuration was established, isosbestic fluorescence from fura_2 (Fiso) and fluorescence from FITC (FFITC) were recorded and plotted against time after break-in. The time constants for fura_2 and FITC loading were measured by fitting an exponential function to each loading curve. The time constant for FITC loading was longer than that of fura_2 by a factor of 4·3 ± 1·0 (n = 6). This difference, however, was not sufficient for the purpose of our measurement since FITC-PV was already more than 50% loaded before fura_2 loading reached completion (> 95 %). To make the difference in the loading time course between the two dyes larger, whole cell measurements were performed consecutively: first a whole cell recording was established with a pipette containing a high concentration of fura_2 (400 ìÒ) for a short time (67 s); then another pipette containing fura_2 (150 ìÒ) and FITC-PV (nominally 100 ìÒ) was used. Two later exponential decay in [Ca¥] ( Fig. 2Bb and Cb). In addition, as [Ca¥]é increased within a burst, the amplitudes of the fast drop phases became smaller, and eventually disappeared, as can be seen following the last pulse of a burst depolarization (Fig. 2Cc) . The more PV was contained in the cell, the higher was the number of pulses required to abolish the fast drop phase. After the end of burst depolarizations [Ca¥] gradually decayed. The slow decay phases, however, were not well described by single exponentials, since the slope of the decay was extremely low around the resting level of [Ca¥]é (Fig. 2Ca) [Ca¥] increment evoked by the õth calcium influx. Equation (14) represents the equilibrium between the newly added calcium and endogenous buffers as well as the Ca¥ indicator dye fura_2 (represented by êB,õ). All of these reactions are assumed to be rapid. The Ca¥ binding ratio of the endogenous buffer, êS, is assumed to be constant. The parameter êB,õ' is the incremental Ca¥ binding ratio of fura_2 for the õth [Ca¥] increment, as given by eqn (2). Equation (15) represents the situation after equilibration of parvalbumin, but before appreciable Ca¥ extrusion sets in. The parameter êP,õ' is the incremental ê of parvalbumin valid for the transition in [Ca¥] between the value before the stimulus, and that after equilibration of parvalbumin. The parameters êB,õ' and êB,õ'' are not identical, but the difference, in practice, is very small and is neglected in some calculations. Furthermore the quantity d[Ca]t,õ can be calculated from the integral of the Ca¥ current during the õth pulse, Qõ, with the equation:
We determined the accessible cell volume, Vcell, by evaluating responses to a series of pulse trains while the cell was loaded with fura_2. 
e,õ has to be measured by extrapolating the slowly decaying phase to initiation time. The quantity ÄêB,õ is the difference between the value of êB' for the õth pulse and that for the last pulse. Together with eqn (16), eqn (17) yields:
Estimation of the apparent dissociation constant of PV for Ca¥ the experiment of Fig. 2 (see Fig. 3Bb ). This allows us to express êP' as a function of [Ca¥]rest alone: Figure 3 . Analysis of data presented in Fig. 2 A, plot of the ratios between total amounts of Ca¥ influx (QõÏ2F) [Ca¥] levels in a burst. From the definition of ê', the ratio of êP' normalized to [PV] [Mg¥] in this study could be assumed to be constant since it was highly buffered by free ATP, included in the internal dialysis solution. Assuming that the Kd of ATP for Mg¥ is 0·1 mÒ (Martell & Smith, 1977) , [Mg¥] in the pipette solution was calculated as 0·14 mÒ. Taking into account that [Mg¥] é is 0·14 mÒ and that the dissociation constant of PV for Mg¥, Kdm, is 31 ìÒ at 25°C (Eberhard & Erne, 1994) , the dissociation constant of the parvalbumin-Ca¥ complex was calculated as 9·2 nÒ from eqn (8).
Ca¥ binding kinetics of PV in chromaffin cell
The time course of the fast decay phase of the Ca¥ signal and the value for êP' estimated in the previous section allow us to estimate the kinetic properties of PV. Assuming that our experimental conditions satisfy the conditions of assumptions (1), (3) and (4) (see Methods), an upper limit for the time constant of the fast equilibration phase can be obtained from eqn (9), where the terms which are not yet known can be calculated as follows.
(1) The pump rate ã is estimated in a burst of calcium transients, if total calcium influx is known, according to Neher (1998) :
(2) The total and free concentration of PV can be calculated according to the definition of ê' and eqn (12), assuming Kdm as 31 ìÒ (Eberhard & Erne, 1994 An example of such a calculation is illustrated in Fig. 4 , where kc− was estimated as 0·98 s¢ according to the fit shown by the dotted line. In two other cells, we obtained similar values for kc−. Altogether the mean value for kc− was 0·95 ± 0·026 s¢ (n = 3). This is quite close to the value of 1 s¢ measured in vitro (Hou et al. 1992 ). If we assume the dissociation rate for Mg¥, km−, to be 25 s¢ (Permiakov et al. 1987; Carroll et al. 1997) , it can be confirmed that eqn (9) is quite a good approximation for ëfast under the conditions of (Eberhard & Erne, 1994) . Furthermore, the Óê was calculated as 608 from êS = 87 and êB' = 521 which, in turn, was based on the following values : [B]T = 150 ìÒ and Kd (fura2-Ca) = 210 nÒ. Finally, using eqn (9) and the relationship Kdc = koffÏkon = 9·2 nÒ, kon and koff could be calculated to be 107·5 ìÒ¢ s¢ and 0·98 s¢.
calculated as 138·4 s¢ and 5·03 s¢, respectively, if the value of kc− obtained in Fig. 4 (21) is satisfied, the rate constants expressed by eqns (9) and (10) can be approximated as:
ëfast âÏ(1 + Óê) + á and ôslow (1 + Óê + êP)Ïã. The former is the rate constant for equilibration of PV with Ca¥ when ã = 0 s¢, and the latter is the same form as eqn (4). The two equations represent the relaxation time course of [Ca¥] upon a Ca¥ perturbation when a buffer satisfies the condition of fast buffer or inequality (21). The inequality (21) does not hold in neuronal dendrites, if the kinetic parameters of PV are assumed to be similar to those measured in chromaffin cells. The average value of ã estimated in dendrites of hippocampal cultured neurons was 323 ± 86 s¢ (n = 21; see companion paper: Lee et al. 2000) , which is at least 10 times higher than that in chromaffin cells. Moreover, â might be substantially lower than that in our perfusion study, since immunohistochemical estimates of [PV]T in neurons were in the range 20-100 ìÒ (in terms of Ca¥ binding sites; Plogmann & Celio, 1993) . In order to simulate the effect of ã on the shape of the [Ca¥] transients, when PV is present, we integrated numerically the following equations: Here we assumed that [Mg¥] é was fixed at 150 ìÒ. Figure 5 illustrates the simulation results, comparing the case of ã = 20 s¢ with that of ã = 300 s¢, two values representative for chromaffin cells and neuronal dendrites, respectively. All the other parameters were identical in the two cases. The total intracellular Ca¥ increase, d[Ca]T, was obtained in neuronal dendrites from eqn (3), and the average value was 14·2 ± 5·4 ìÒ (n = 37). The kinetic parameters for Ca¥ binding were chosen according to the results from the perfusion study of chromaffin cells, as described above. Parameters for Mg¥ binding were taken from the literature (Permiakov et al. 1987; Eberhard & Erne, 1994; Carroll et al. 1997 ).
In the case of ã = 20 s¢, the faster kinetic phase overlaps with that corresponding to ã = 0 s¢, which indicates that ã has no appreciable effect on the [Ca¥] drop during the kinetic equilibration phase. Hence, the faster kinetic phase could be readily discerned from the late slower phase in the time domain. In contrast, using ã = 300 s¢ and comparing the fast kinetic phase of the transient with the case of ã = 0 s¢, it is evident that a substantial amount of newly added calcium is already pumped out while PV and Ca¥ equilibrates. The situation is clearer when the same data are shown in a two-dimensional plot of [PVCa] versus [Ca¥] (Fig. 5B) . The point 'O' represents the equilibrium state before the perturbation. Upon addition of 14 ìÒ Ca¥, the system is perturbed and displaced to point A (at 5 ms). The trajectories from point A to point B (when ã = 0 s¢) or point B' (when ã = 20 s¢) represent the kinetic equilibration phase between PV and Ca¥. With higher ã values, the curves deviate progressively from the curve of ã = 0 s¢ in a counter-clockwise direction. With ã = 20 s¢, the trajectory follows faithfully the steady state curve, which was calculated from:
(1 + [Ca¥]ÏKdc + [Mg¥]ÏKdm) As long as the trajectory follows the steady state curve, PV can be regarded as a fast buffer. In this case, it is possible to estimate d [Ca¥] e by back-extrapolation of the slower phase in the time domain. In particular, eqn (13) is readily applicable to such a slow phase, if the perturbation is small enough to ensure that the incremental ê' of PV is a good approximation to the instantaneous ê. When ã = 300 s¢, however, such extrapolation is impossible because the high value of ã prevents chemical equilibration between PV and Ca¥ throughout the transient. Nevertheless, the presence of PV together with a high ã value shortens the major part of the [Ca¥] transient, mimicking an even higher value of ã. In addition, residual Ca¥ persists longer in the late period of the transient, due to the slow dissociation rate of Ca¥ from PV, resulting in a two component transient (Fig. 5C) . The simulation results show that the decay time ô of a [Ca¥] transient is profoundly affected when the inequality condition (21) is violated, whilst the initial increment d[Ca¥] is relatively robust, as long as it can be estimated by [Ca¥]rest + w1exp(−ë1t) + wµexp(−ëµt). Least square fits of the simulation results gave the following parameters: w1 = 43 nÒ, ë1 = 3·64 s¢, wµ = 25 nÒ, ëµ = 0·74 s¢ for the high-ã curve; w1 = 22·8 nÒ, ë1 = 3·08 s¢, wµ = 44·9 nÒ, ëµ = 0·067 s¢ for the low-ã curve. The equilibrated amplitude d [Ca¥] e was estimated by back-extrapolation of a straight line fitted to the section of the transient between 1·4 and 2 s. The theoretical expectation for the kinetic parameters for the low-ã curve was ë1 < 3·28 s¢, ëµ = 0·067 s¢ according to eqns (9) and (10) integration of the equation system (22) using the same parameters as those of the high-ã curve in Fig. 5A Stout et al. (1996) . We integrated the equations for seven cases in which all parameters were kept constant except for êB', which was varied in the range 20-350. The condition for fast buffering, inequality (21), indicates that the amount of fast buffer, lumped into Óê, has an effect on the equilibration rate between PV and Ca¥ as well as on the Ca¥ extrusion rate. Under the conditions of Fig. 6 , â is calculated to be 221, which is of the same order of magnitude as ã (= 300 s¢). Since in eqn (21) both â and ã are scaled by the term 1 + Óê, an increase in the amount of fast buffer (êB') slows down the equilibration rate constant (right-hand side of inequality (21)) as well as the Ca¥ extrusion rate (left-hand side of inequality (21)) to the same degree. In addition, the value for á (= 1·3) is not dominant over the value for âÏ(1 + êS) (= 1·46). Thus, a decrease in Ca¥ extrusion rate exerted by newly added indicator dye will have no substantial effect on the inequality (21). The simulation results (Fig. 6B ) support the argument that the condition for fast buffering is not satisfied in the presence of PV when êB' is in the range 20-350, which is similar to the êB' range in the anomalous case described in the preceding paper (Lee et al. 2000) . Examining the simulated transients (Fig. 6A) , one can see that, nevertheless, they can be reasonably fitted by single exponentials. Similarly, some late [Ca¥] transients in Fig. 7D of the companion paper (Lee et al. 2000) , with êB' values between 200 and 350, are hardly distinguishable from single exponential curves. Comparing the time constants of such fits for [PV]T = 0 (1, Fig. 6Ca ) with those for [PV]T = 20 ìÒ, it becomes evident that the contribution of PV to ô is increasing as êB' increases (0, Fig. 6Ca ). The differential effect of PV depending on êB' causes the slope of ô in Fig. 6Ca to be steeper than that in the case when [PV] = 0. This steeper slope will result in an erroneously low estimate of êS(ô), if the data (in the presence of small amounts of PV) are interpreted within the framework of the single compartment model.
DISCUSSION
In the present study, we measured the kinetic parameters of Ca¥ binding to parvalbumin (PV) in vivo. The numerical simulations, using the in vivo parameters, indicate that a slow endogenous buffer, such as PV, which is found almost exclusively in GABAergic neurons (Celio, 1986 (Celio, , 1990 , can accelerate the initial decay of action potential evoked [Ca¥] transients and slows down the complete clearance of residual Ca¥, thus producing two phases in the [Ca¥] decay. We found the signature of such a slow buffer in a fraction of inhibitory cells in the preceding paper (Lee et al. 2000) . The effect of PV, which accelerates initial decays of dendritic [Ca¥] transients, is similar to that of EGTA which has slower binding kinetics than BAPTA and Ca¥ dyes. Markram et al. (1998) observed [Ca¥] transients in apical dendrites of pyramidal neurons evoked by single action potentials before and after the addition of 1 mÒ EGTA, and reported that the peak of ÄFÏF of the transients was little affected but its decay was much faster in the presence of EGTA than under control conditions. Such an acceleration effect due to PV on [Ca¥] transients has also been observed in rat sensory neurons and skeletal muscles. When PV was perfused into dorsal root ganglion cells, it selectively increased a fast component in the decay of the [Ca¥] signals (Chard et al. 1993 ). In addition, [Ca¥] transients in fast-twitch muscles of PV-deficient mice showed significantly slower decay rates than those of wild-type mice, while their amplitudes were preserved (Schwaller et al. 1999 ).
Calbindin-D28K might behave like a fast buffer in dendrites Though it seems to be generally accepted that calbindin-D28K (CB) has one very high affinity calcium binding site (Kd •1 nÒ) and two or three lower affinity calcium binding sites (Kd •10 ìÒ) (Gross et al. 1993) , the details of the calcium binding properties of CB are not yet known. Based on our findings, together with immunohistochemical observations, we can infer that CB should behave like a fast buffer in dendrites. Celio (1990) reported that most CB-immunoreactive cells in the neocortex belong to the class of GABAergic interneurons with the exception of faintly stained pyramidal cells in layer IIÏIII and that all other neocortical pyramidal cells are negative for both PV and CB, while CA1 pyramidal cells are CB immunoreactive. This is consistent with a higher value for êS in CA1 pyramidal cells than that found in neocortical cells: the values were estimated to be about 170 and 110, respectively (Helmchen et al. 1996) . In this study no deviations from the predictions of the single compartment model were described for either kind of cell. If the presence of CB is the major difference in the buffer systems of the two cell types, one may conclude that CB behaves like a fast buffer in pyramidal dendrites, probably acting through its low affinity binding sites. Another clue supporting this argument can be obtained from the study by Airaksinen et al. (1997) . Cerebellar Purkinje cells are known to express CB and PV abundantly, but not to have calretinin (Rogers, 1989; Airaksinen et al. 1997) . Airaksinen et al. (1997) compared [Ca¥] transients of Purkinje cells from wild-type mice with those from mutant mice lacking CB. They found no upregulation of Ca¥ binding proteins in null mutant mice. Interestingly, they observed a double exponential decay in [Ca¥] upon synaptic stimulation, which was more exaggerated in the dendrites of Purkinje cells from null mutants than in those from wildtype mice. The [Ca¥] transients they observed in null mutants and wild-type mice are strikingly similar to our simulation results in Fig. 6 , where a high Ca¥ extrusion rate, ã = 300 s¢, was assumed. Wild-type results resemble simulations where êB' > 20, and the mutant phenotype resembles simulations where êB' = 20 (Fig. 6 ). If we assume that PV is the dominant Ca¥ binding protein in null mutant Purkinje cells, the alteration of [Ca¥] transients by knock-out of CB could well be mimicked by the removal of a fast buffer (fura_2) in the presence of a slow buffer.
Possible physiological role of PV in information processing in the cortical column
We can speculate about possible roles for PV in neuronal Ca¥ signalling based on the peculiar property that distinguishes it from fast buffers. The time constant required for Ca¥ to equilibrate with PV is determined by 1Ï(á + âÏ(1 + Óê)) when the effects of other fast buffers are lumped into the term Óê (see eqn (9)). The first and second terms in the denominator of the equation are quite comparable to each other under physiological conditions (á = 1·43, âÏ(1 + Óê) = 1·32 when [PV]T = 20 ìÒ, Óê = 150, [Mg¥] = 300 ìÒ and [Ca¥]rest = 30 nÒ). As we have shown already, the binding of Ca¥ to the non-Ca¥-bound fraction of PV (PVfree + PVMg) and the Ca¥ extrusion mechanism (ã) contribute to the initial fast decay phase of a [Ca¥] transient. From this, we can expect that, as PV is saturated with Ca¥ during repetitive activity, the width of [Ca¥] transients will become broader. This argument is relevant to Ca¥ build-up in dendrites during burst-like action potentials. We compared the responses of two buffer systems upon 10 Hz stimulation in Fig. 7 , one of which has 200 ìÒ PV, the other one has none (dotted line). The former will be referred to as slow buffer system and the latter as fast buffer system. The steady state [Ca¥] level during burst-like action potentials is dependent on ÄtÏô, where Ät is time interval between action potentials and ô is the [Ca¥] relaxation time constant of individual [Ca¥] transients (Helmchen et al. 1996) . Since the ô of a slow buffer system becomes the same as that of a fast one when PV is saturated with Ca¥, the steady state [Ca¥] level of the slow buffer systemwill eventually catch up with that of the fast buffer system. The time course towards the steady state of a slow buffer system, however, is quite different from that of a fast buffer system. The time for the [Ca¥] of the slow buffer system to reach its steady state level during the burst is delayed due to the faster ô of the slow buffer system during the early period of the burst, when PV is not yet saturated with Ca¥. The discrepancy in the time required to reach a steady state [Ca¥] level between fast and slow buffer systems provokes an interesting speculation, together with the known histological connectivity of PV-immunoreactive neurons in cortical circuits: PV is known to be present only in a fraction of inhibitory neurons such as basket cells and axo-axonic (chandelier) cells, whose axons terminate at or close to the soma and the axon initial segment of pyramidal cells, while CR-immunoreactive cells innervate mostly other GABAergic cells (Nitsch et al. 1990; Sorvari et al. 1996; Gulyas et al. 1996) . Thus, PV-immunoreactive neurons seem to be represented in a subgroup of GABAergic non-pyramidal cells which control very effectively the main excitatory pathway in the hippocampus. Considering that extrinsic excitatory afferent fibres terminate on both dendrites of pyramidal and GABAergic inhibitory neurons in cortical columns, PVpositive GABAergic cells would play a role in feed-forward inhibition of the main excitatory output from such cortical columns (Nitsch et al. 1990 ). Furthermore, PV would affect both pre-and postsynaptic Ca¥ signals, since axons and axon terminals are reported to have the same or higher immunoreactivity for PV than dendrites and somata (Kosaka et al. 1993 ). If we associate pyramidal and PV-positive GABAergic cells with fast and slow buffer systems, respectively, [Ca¥]é in the former would build up faster than in the latter upon burstlike repetitive depolarizations. This would cause a time delay in the activation time course of inhibitory action between non-pyramidal and pyramidal cells. If the axon terminals show a similar [Ca¥] transient during a burst, the delayed increase in [Ca¥] represents a very favourable condition for short term facilitation, since paired pulse facilitation is closely linked to the 'residual Ca¥' in the terminal (Kamiya & Zucker, 1994) . Therefore, a discrepancy in the activation time courses during burst-like input may contribute to a recent finding that excitatory postsynaptic currents showed stronger depression in response to high frequency activation than inhibitory currents, a property which could explain the stability of cortical columns subjected to extrinsic excitatory inputs (Galarreta & Hestrin, 1998) . Altogether, these observations suggest that the specific
